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Abstract-We present the modeling of a first order 
waveguide-coupled microring resonator (MRR) by coupled 
mode theory (CMT) using transfer matrix model.  The design 
topology is based on the lateral coupling configuration and 
single mode propagation which is integrated on a Silicon-on-
Insulator (SOI) platform. Performance parameters including 
Free Spectral Range (FSR) and Quality Factor (Q-factor) are 
investigated. For verification, we compare these results with 
the results obtained from the Finite Difference Time Domain 
(FDTD) commercially available software. We found that both 
results agree well with each other.  
 
I. INTRODUCTION 
Optical waveguide-based devices using evanescent wave 
are currently applied for a variety of applications. One of the 
most promising devices is the microring resonator (MRR), 
which can be employed as a wavelength filter[1], 
multiplexer[2], sensor[3] and modulator[4].  
The device can be modeled by several methods such as 
Finite Difference Time Domain (FDTD) method [5] and 
conformal transformation method [6]. Withal, both methods 
are time consuming. The research on modeling of the optical 
waveguides structures by Coupled Mode Theory (CMT) has 
been started in the early 1970’s by researchers such as Yariv 
[7] and Snyder [8]. CMT provides the interaction 
description between the circulating waves in the microring 
and the bus waveguides. The fraction of power exchanged 
between waveguides is highly dependent on the coupling 
coefficient, which will determine the microring resonator 
performance such as Free Spectral Range (FSR) and Quality 
Factor (Q-Factor).  
To date, many studies have been performed to develop the 
modeling of microring resonators incorporated in the 
transfer matrix model, which involves complicated 
calculations and numerous parameter assumptions. We 
refine each parameter to provide a more understandable 
model. Based on the model, we studied the effect of major 
physical characteristic variation on the device performance. 
FDTD simulation from RSoft is adopted to validate the 
accuracy of the analytical model based on the transfer 
matrix method and CMT.  
II. THEORY 
A. Device Design 
 
Fig. 1 depicts schematically the MRR-based optical filter 
under study which comprises of a ring waveguide closely 
coupled to double straight bus waveguides (Fig. 1(a)) and 
the cross section of the waveguide structure is shown in Fig. 
1(b). The bus waveguides serve as evanescent light input 
and output couplers, while the ring waveguide acts as the 
wavelength selective element. R depicts the ring radius, gap 
is the separation gap between straight and ring waveguide, 
W is the waveguide width and H is the total waveguide 
height. The fully etched waveguide structure is considered 
throughout this study. 
An example of the spectral response of the microring 
resonator is shown  in Fig.2. The microring will be at the 
ON-resonance state, when the optical path length of a 
roundtrip is a multiple of the effective wavelength. The light 
wave will then be transferred to the drop port. On the 
contrary, if the resonance condition is not complied with, 
the light wave will be delivered to the through port.  
 
 
Figure 1. (a) Layout and (b) cross section of the proposed MRR. 
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Figure 2. An example of MRR’s response spectrum. 
The substrate cladding is composed of air (n=1.0 at 
1.55µm), while the silicon-on-insulator (SOI) platform is 
chosen for the bus and ring waveguide formation. Lateral 
coupling is chosen between the bus waveguides and ring 
waveguides due to fabrication limitation.  
B. Coupled Mode Theory and Transfer Matrix Method 
One of the most fundamental approaches in the photonic 
device modeling and design is the coupled mode theory 
(CMT). This theory describes the expressions for the output 
transmission in terms of coupling coefficient, effective 
refractive index, waveguide losses and ring radius. We 
consider the MRR-based device configuration, comprising 
of a single ring coupled to a double bus waveguides (please 
refer to Fig.1). A transfer matrix method (TMM) is 
integrated with CMT to develop the transfer function of 
multiple optical waveguides, in our case from input bus 
waveguide to microring waveguide and then from the 
microring waveguide to the output or drop port waveguide. 
The matrix chain form of the TMM eases the signal 
transmission formulations and is practical to synthesize 
higher cascaded MRRs.  
The basic elements in coupled microring optical 
waveguides are very similar to directional couplers and 
delay units. For instance, a single microring coupled to two 
bus waveguides can be decomposed into an input coupler, a 
delay unit, and an output coupler, as visualized in Fig. 3. 
The transmission of the input and output coupler, P can  
be calculated by [9]: 
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In Eq. (1), κ is the normalized coupling coefficient of the 
coupler and t is the transmission coefficient, respectively. 
The optical phase delay and the waveguide loss, Q is given 
by: 
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 Figure 3. Visualization of the couplers and delay unit from microring 
resonator . 
 
Here, α is the loss per unit length in the microring, λo is 
the free space wavelength and neff is the effective refractive 
index. The transfer matrix between two bus waveguides is: 
   0 1 1 111 12
21 220 1 1 1
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   (4) 
Considering only 1 input, c1 will be zero, hence the final 
transfer functions for the through port |T| and drop port |D| 
signals are [10]: 
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Assuming that κ=κin=κout , eq.(5) and eq.(6) can be 
simplified as eq.(7) and eq. (8), respectively. 
Rπβi
Rπβi
o
o
eκκ
eκκ
m
m
a
b
T
2
~
-
2
~
-
12
22
)-1)(-1(-1
-1--1
===                (7) 
Rπβi
Rπβi
o eκκ
eκ
ma
d
D
2
~
-
~
-2
12
1
)-1)(-1(-1
-
=
1
==             (8) 
For symmetrical lateral coupling waveguide structures, κ 
is analytically computed according to the theory developed 
in [11]: 
)+)(2+(
~
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κ                             (9) 
where gap is the distance between the bus waveguide and 
the microring waveguide, while η and γ are as follows: 
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It is noted that ko = (2π/λo),  ncore is the refractive index of 
the core waveguide and nclad is the refractive index of 
cladding.  
The performance of the coupled microring can be 
evaluated for the FSR and Q-factor. FSR is the frequency 
separation between two successive resonances and is given 
by[12]: 
effg Ln
FSR
)(
2
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
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                    (12) 
where ng is the group refractive index. 
Meanwhile, the Q- factor of the mth resonance is 
estimated by computing the ratio of the center wavelength to 
the -3dB bandwidth.  
 
III. RESULTS AND DISCUSSION 
The waveguide width, W, the waveguide height, H and 
the free space wavelength considered in the following cases 
are 300nm, 550nm and 1550nm, respectively. Fig. 4 depicts 
the computed effective refractive index, neff of the bus 
waveguide and the coupling coefficient for TE mode  of the 
microring resonator. The ring radius of 6μm and the gap 
separation of 100nm is considered in the theoretical 
calculations. The results show that for a gap of 100nm, the 
effective refractive index is 2.34 and the coupling 
coefficient, κ is 0.861. The effective refractive index 
obtained from the simulation is 2.36. The deviation between 
the theoretical calculation for CMT and simulation is 
therefore less than 0.9%.  
Additionally, the coupling coefficient from the simulation 
is 0.848, which shows only a small discrepancy between 
both results. We also note that the separation distance 
between the bus waveguide and the microring waveguide is 
inversely proportional to the coupling coefficient. It can be 
concluded that the gap separation plays an important role in 
optimizing the performance of the microring resonator. 
From the CMT analysis, the FSR values were calculated 
and compared with the rigorous FDTD simulations as 
shown in Fig. 5. The ring radius values were varied and the 
FSR was investigated. Results  indicate that the FSR is 
highly dependent on the ring radius. Moreover, it can be 
noted that the theoretical results agree with the simulation 
observations. As an example, the highest difference is for 
R=4μm with FSR of 25nm (simulated) and FSR of 21 nm 
(theoretical) with 16% deviation and the smallest is 3% 
difference with R=6μm where FSRsimulated=16nm and 
FSRtheoretical=15.5nm. The different is possibly due to the 
discretized nature of the numerically simulated structure.  
Furthermore, Fig.6 shows that the separation gap has no 
significant effect on the FSR in which the values remain as 
we increase the gap size, while the radius is fixed with 6μm.   
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Figure 4. Theoretical coupling coefficient and effective refractive index 
values using CMT.  
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Figure 5. Theoretical and simulated values of FSR vs ring radius. 
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Figure 6. Theoretical and simulated values of FSR vs separation gap.  
 
Fig. 7 plots the influence of gap separation on the Q-
factor. It is shown that larger Q-factor is produced at  larger 
separation gaps. The simulations predict a more linear 
response as compared to the theoretical analysis. This is 
may be due to human error while observing the data for 
calculating the theoretical Q-factor value while in 
simulation, the Q-factor is automatically calculated. The 
observable Q-factor difference at the separation gap of 
0.13μm is 28 which contributes to 2.4% in percentage, while 
the largest deviation is 5.4%, which can be considered 
relatively low.  
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Figure 7. Q-factor results from theoretical calculations and simulations.  
 
IV. CONCLUSIONS 
We have presented the modeling of a lateral configuration 
microring resonator by Coupled Mode Theory.  The 
influence of the microring parameters such as ring radius 
and separation gap on the coupling coefficient, FSR and Q-
factor have been discussed. In the best case, the Q-factor 
reaches 1500 and the largest FSR is 16nm. We achieve a 
good match between the theoretical modeling by CMT and 
by FDTD simulations, which shows that this method can be 
reasonably accepted.    
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